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CREEP BEHAVIOR OF THE N I O B I U M  ALLOY PWC-11 
R.H. T i t r a n ,  T.J. Moore, and T.L. G r o b s t e i n  
N a t i o n a l  Aeronaut ics and Space A d m i n i s t r a t i o n  
Lewis Research Center 
Cleveland, Ohio 44135 
SUMMARY 
The h i g h  vacuum creep and c r e e p - r u p t u r e  behav io r  o f  a Nb- lZr- . lC a l l o y  
(PWC-11) was i n v e s t i g a t e d  a t  1350 and 1400 K w i t h  an a p p l i e d  s t r e s s  o f  40 MPa. 
l h e  m a t e r i a l  was t e s t e d  i n  t h e  f o l l o w i n g  f o u r  c o n d i t i o n s :  annealed ( 1  h r  1755 
K / 2  h r  1475 K ) ;  annealed p l u s  E6 welded; annealed p l u s  aged f o r  1000 h r  a t  
1350 o r  1400 K; and annealed, welded, and aged. I t  was found t h a t  t h e  mate- - r l a l  i n  t h e  annealed s t a t e  was t h e  m o s t  c r e e p - r e s i s t a n t  c o n d i t i o n  t e s t e d ,  and 
t h a t  a g i n g  t h e  a l l o y  f o r  1000 h r  w i t h o u t  an a p p l i e d  s t r e s s  g r e a t l y  reduced 
t h a t  s t r e n g t h ;  however, i t  was s t l l l  app rox ima te l y  t h r e e  t imes as creep-  
r e s i s t a n t  as Nb-1Zr. A d d i t i o n a l l y ,  t h e  EB weld r e g i o n  was s t r o n g e r  than t h e  
base me ta l  i n  each c o n d i t i o n  t e s t e d ,  and phase e x t r a c t i o n  o f  t h e  d i s p e r s e d  
p r e c i p i t a t e  revea led  t h e  presence o f  a 70%ZrC-30%NbC c u b i c  monocarbide 
phase. 
I N T R O D U C T I O N  
Advanced space power systems t o  produce e l e c t r i c a l  power a t  l e v e l s  rang- 
i n g  f r o m  seve ra l  k i l o w a t t s  t o  many megawatts w i l l  r e q u i r e  advanced m a t e r i a l s  
t o  meet s t r i n g e n t  mass and performance requi rements.  These requi rements,  which 
may i n c l u d e  a s e r v i c e  l i f e  o f  g r e a t e r  t han  7 y r  a t  a temperature i n  excess o f  
1350 K,  d i c t a t e  t h e  use o f  r e f r a c t o r y  me ta l s  (Cooper 1984) .  The Nb-1Zr a l l o y  
has been suggested f o r  p rev ious  a p p l i c a t i o n s  (Lane and A u l t  1965, Buckman 
1984).  b u t  was n o t  developed f o r  a p p l i c a t i o n s  which r e q u i r e  h i g h  c reep  s t r e n g t h  
a t  temperatures i n  excess o f  1100 K.  
A Nb- lZr- . lC a l l o y ,  PWC-11, was developed i n  t h e  e a r l y  1960's  by t h e  P r a t t  
and Whitney A i r c r a f t  Corpo ra t i on  (DelGrosso e t  a l .  1967) f o r  e l e v a t e d  tempera- 
t u r e  s e r v i c e .  Through exper imen ta t i on  w i t h  carbon l e v e l s  and v a r i o u s  thermo-- 
mechanical  p rocess ing  t rea tmen ts ,  i t  was shown t h a t  t h e  t e n s l l e  and creep 
s t r e n g t h  may be about t h r e e  t o  f o u r  t imes t h a t  o f  t h e  base Nb-1Zr compos i t i on .  
Overaglng o f  t h i s  a l l o y  i n  t h e  1175 t o  1375 K temperature range has been of  
concern because o f  p o t e n t i a i  weakenlng e f f e c t s  ( P r a t t  and Whltney A i r c r a f t  
1965).  
The s tudy r e p o r t e d  h e r e i n  was conducted t o  v e r i f y  p rev ious  r e s u l t s  and 
e s t a b l i s h  t h e  s u i t a b i l i t y  o f  t h e  PWC-11 a l l o y  as an a l t e r n a t i v e  t o  Nb-1Zr i n  
space power systems. The f o l l o w i n g  i ssues  were i n v e s t i g a t e d :  ( 1 )  l o n g - t i m e  
h i g h  vacuum creep behav io r ,  ( 2 )  t h e  e f f e c t  o f  p r i o r  s t r e s s - f r e e  thermal  ag ing  
on creep behav io r ,  ( 3 )  t h e  e f f e c t  o f  e l e c t r o n  beam (EB) w e l d i n g  on creep 
behav io r ,  and ( 4 )  t h e  e f f e c t  o f  heat  t rea tmen t  and creep t e s t i n g  on t h e  c a r -  
b i d e  morphology. 
MATERIALS AND PROCEDUR€ 
The PWC-11 a l l o y  m a t e r i a l  used i n  t h i s  s tudy was r e c e i v e d  f r o m  t h e  Oak 
Ridge N a t i o n a l  Laboratory  i n  t h e  fo rm o f  1 mm t h i c k  machined t e n s i l e  creep 
speclmens. The m a t e r i a l  con ta ined  0.90 w t  % Z r  and 0.063 w t  % C .  U n f o r t u -  
n a t e l y ,  a d e t a i l e d  p rocess ing  h i s t o r y  o f  t h i s  hea t  i s  n o t  a v a i l a b l e .  P r i o r  t o  
e v a l u a t i o n  o r  weld ing,  a l l  m a t e r i a l  was annealed i n  high-vacuum f o r  1 h r  a t  
1755 K p l u s  2 h r  a t  1475 K as pe r  t h e  m a n u f a c t u r e r ' s  recommendations (DelGrosso 
e t  a l .  1967) .  Fo l l ow ing  t h e  anneal ,  t h e  creep and c r e e p - r u p t u r e  speclmens were 
sub jec ted  t o  one o r  b o t h  o f  t h e  f o l l o w i n g  t r e a t m e n t s :  ( 1 )  a g i n g  f o r  1000 h r  
a t  1350 o r  1400 K i n  h i g h  vacuum, and ( 2 )  s i n g l e  pass f u l l  p e n e t r a t i o n  t B  weld 
i n g  across t h e  w i d t h  of t h e  t e s t  specimen p e r p e n d i c u l a r  t o  t h e  t e n s i l e  a x i s .  
T h i s  weld o r i e n t a t i o n  causes t h e  s t r e s s  d u r i n g  t e s t i n g  t o  be imposed e q u a l l y  on 
t h e  base me ta l ,  weld me ta l ,  and h e a t - a f f e c t e d  zone. The welds were s u r f a c e  
ground t o  remove excess m a t e r i a l  b e f o r e  t e s t i n g .  
RESULl S 
A t y p i c a l  m i c r o s t r u c t u r e  o f  an EB welded t e s t  specimen i s  shown i n  
f i g u r e  1 .  
w i t h  an average g r a i n  s i z e  o f  25 pm measured by t h e  c i r c l e - i n t e r c e p t  method, 
w i t h  an aspect  r a t i o  o f  app rox ima te l y  5 : l .  
t u r e  w l t h  t h e  g r a i n  s i z e  r a n g i n g  f rom about 4 5  pm up t o  over  200 pm. 
annealed c o n d i t i o n  had an e x t e n s i v e  amount o f  second phase p r e c i p i t a t e  i n  t h e  
g r a l n  boundar ies and m a t r i x .  
p r e c i p i t a t i o n ;  however, t h e  p a r t i c l e s  appeared t o  be f i n e r  and f o r m  c e l l - l i k e  
domains w i t h i n  the  g r a i n .  
The base me ta l  away f rom t h e  weld was i n  t h e  annealed c o n d i t i o n  
The weldment had a columnar s t r u c -  
The 
The weld zone a l s o  showed e x t e n s i v e  second phase 
Creep t e s t s  were conducted i n  h i g h  vacuum Pa) a t  1350 K and 4 0  MPa 
t o  assess t h e  e f f e c t  o f  EB w e l d i n g  and a g i n g  on creep s t r e n g t h .  The creep 
curves t o  approx imate ly  1 pe rcen t  s t r a i n  ( f i g .  2 )  show t h a t  t h e  annealed cond i -  
t i o n  r e q u i r e d  about 3200 h r  t o  achieve 1 p e r c e n t  s t r a i n ,  c l e a r l y  t h e  most creep 
r e s i s t a n t  s t a t e .  A s i m i l a r l y  t r e a t e d  sample w i t h  an E B  weldment r e q u i r e d  
2200 h r ,  about a 30 pe rcen t  decrease i n  t h e  t i m e  t o  reach 1 pe rcen t  s t r a i n .  
Aged samples i n  both t h e  welded and unwelded c o n d i t i o n s  took o n l y  about 350 h r  
t o  reach 1 pe rcen t  s t r a i n .  Th i s  approximate o r d e r  o f  magnitude l o s s  i n  t h e  
t i m e  t o  reach 1 percent  s t r a i n  i s  c l e a r l y  due t o  t h e  e f f e c t s  o f  t h e  i s o t h e r m a l  
s t r e s s - f r e e  ag ing  t rea tmen t .  
Moore e t  a l .  (1986) conducted s h o r t - t i m e  creep r u p t u r e  t e s t s  t o  f u r t h e r  
c h a r a c t e r i z e  t h e  e f f e c t  o f  EB w e l d i n g  on t h e  PWC-11 a l l o y .  The € B  welds i n  
these t e s t s  a l s o  were p e r p e n d i c u l a r  t o  t h e  t e s t  a x i s .  Tests  were conducted i n  
a l o v 5  Pa vacuum a t  1350 K a f t e r  t h e  p o s t - w e l d  hea t  t rea tmen t  ( 1  h r  a t  1 4 7 5  K )  
and a f t e r  t h e  aging t rea tmen t  (1000 h r  a t  1350 K ) .  Unwelded specimens w i t h  
s i m i l a r  heat  t reatments were t e s t e d  f o r  comparison purposes. 
t h e  c reep- rup tu re  t e s t s  ( f i g .  3 )  show t h a t  t h e  unaged c o n d i t i o n  i s  s t r o n g e r  
than t h e  aged c o n d i t i o n  f o r  b o t h  t h e  welded and unwelded specimens. I n  a l l  
c reep r u p t u r e  t e s t s  o f  specimens w i t h  a t r a n s v e r s e  EB weld,  f a i l u r e  occu r red  
i n  t h e  u n a f f e c t e d  base meta l  ( f i g .  4 )  thus demons t ra t i ng  t h a t  t h e  weld r e g i o n  
was s t r o n g e r .  The upper cu rve  i n  f i g u r e  3, t h e r e f o r e ,  rep resen ts  t h e  1350 K 
r u p t u r e  s t r e n g t h  o f  PWC-11 base me ta l  i n  t h e  annealed c o n d i t i o n  and t h e  lower 
cu rve  rep resen ts  the r u p t u r e  s t r e n g t h  o f  PWC-11 m a t e r i a l  annealed then aged 
f o r  1000 h r  a t  1350 K p r i o r  t o  t h e  a p p l i c a t i o n  o f  a s t r a i n .  
The r e r u l t s  of 
2 
c 
The d i f f e r e n c e s  i n  creep and r u p t u r e  s t r e n g t h  noted f o r  PWC-11 m a t e r i a l  
may be due i n  p a r t  t o  t h e  changes i n  t h e  p r e c i p i t a t e  compos i t i on  and/or mor- 
phology. Resu l t s  of m e t a l l o g r a p h i c  a n a l y s i s  o f  seve ra l  samples annealed and 
aged w i t h  and w i t h o u t  an a p p l i e d  s t r e s s  revea led  l a r g e  me tas tab le  ca rb ides  i n  
a d d i t i o n  t o  a r e g u l a r  d i s t r i b u t i o n  o f  t h e  s t a b l e  monocarbide, (Zr,Nb)C. Chem- 
i c a l  a n a l y s i s  o f  these e x t r a c t e d  p a r t i c l e s  showed t h e  compos i t i on  t o  be approx- 
i m a t e l y  70 pe rcen t  Z r C  and 30 pe rcen t  NbC, which c o r r e l a t e d  w e l l  w i t h  x - r a y  
a n a l y s i s  which showed a cub ic  phase w i t h  a l a t t i c e  parameter o f  0.462 nm. 
Scanning and t r a n s m i s s i o n  e l e c t r o n  microscopy revea led  t h e  presence o f  t w o  
types of p a r t i c l e s  presumed t o  be: ( 1 )  ve ry  l a r g e  ( 5  t o  10 pm) p a r t i c l e s  o f  
me tas tab le  NbzC, and, ( 2 )  o r i e n t e d  (Zr,Nb)C p a r t i c l e s ,  r a n g i n g  i n  s i z e  f rom 
0.1 t o  0.5 lm, some p o s s i b l y  t ransformed t o  Zr02 d u r i n g  i n t e r n a l  o x i d a t i o n  
(Koro tayev  e t  a l .  1980).  Grobs te in  e t  a l .  (1986) suggested t h a t  i so the rma l  
a g i n g  w i t h o u t  an a p p l i e d  s t r e s s  caused p r e c i p i t a t i o n  and growth o f  t h e  p a r t i -  
c l e s  t o  a s i z e  g r e a t e r  t han  about 0.25 pm, whereas ag ing  i n  t h e  presence o f  a 
s t r e s s ,  such as a creep t e s t ,  produced a more f i n e l y  d i s p e r s e d  phase, r e s u l t -  
i n g  i n  more e f f i c i e n t  s t reng then ing .  
M u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  o f  t h e  r e c i p r o c a l  o f  t h e  t i m e  i n  hours 
t o  ach ieve  1 p e r c e n t  s t r a i n  was performed on t h e  h i g h  vacuum (10-7 Pa) creep 
d a t a  ( t a b l e  I )  on t h e  PWC-11 a l l o y .  The Dorn parameter (Orr e t  a l .  1954) was 
determined and t h e  r e s u l t s  a r e  shown i n  f i g u r e  5. E x t r a p o l a t i o n  o f  t he  da ta  
t o  7 y r  y i e l d e d  a p r o j e c t e d  s t r e s s  o f  20 MPa t o  l i m i t  t h e  creep s t r a i n  t o  
1 p e r c e n t  a t  1350 K f o r  t h e  a l l o y  i n  t h e  annealed c o n d i t i o n .  E x t r a p o l a t i o n  o f  
t h e  creep s t r e n g t h  d a t a  o f  t h e  PWC-11 a l l o y  i n  t h e  aged c o n d i t i o n  shows t h a t  a 
s t r e s s  o f  about 13 MPa c o u l d  be a p p l i e d  f o r  7 y r  a t  1350 K b e f o r e  1 p e r c e n t  
creep s t r a i n  would be reached. Al though t h e  creep d a t a  and e x t r a p o l a t e d  7 y r  
creep s t r e n g t h  va lues show t h a t  t h e  PWC-11 a l l o y  may l o s e  approx ima te l y  
30 p e r c e n t  o f  i t s  c reep s t r e n g t h  due t o  ag ing  a t  1350 K, even i n  t h i s  weakened 
c o n d i t i o n  i t  has been shown t o  be about t h r e e  t imes as s t r o n g  as t h e  Nb 12 r  
a l l o y  ( T i t r a n  1986).  
SUMMARY OF RESULTS 
Based upon t h e  p r e l i m i n a r y  s tud ies  o f  t h e  creep and c r e e p - r u p t u r e  behav- 
i o r  o f  t h e  PWC-11 a l l o y  a t  1350 and 1400 K ,  t h e  f o l l o w i n g  obse rva t i ons  can be 
drawn : 
( 1 )  The PWC-11 m a t e r i a l  i n  t h e  annealed s t a t e  ( 1  h r  a t  1755 K p l u s  2 h r  
a t  1475 K) was t h e  most creep r e s i s t a n t  c o n d i t i o n  t e s t e d .  
( 2 )  Aging t h e  PWC-11 a l l o y  f o r  1000 h r  a t  e i t h e r  1350 o r  1400 K w i t h o u t  
an a p p l i e d  s t r e s s  g r e a t l y  reduced t h e  s t r e n g t h  o f  t h e  annealed PWC-I1 m a t e r i a l ;  
however, i t  was s t i l l  more creep r e s i s t a n t  t han  t h e  Nb-1Zr  a l l o y .  
( 3 )  The e lect ron-beam weld r e g i o n  was s t r o n g e r  than t h e  base meta l  f o r  
specimens c r e e p - r u p t u r e  t e s t e d  i n  bo th  t h e  p o s t - w e l d  heat  t r e a t e d  ( 1  h r  a t  
1475 K )  and aged (1000 h r  a t  1350 K) c o n d i t i o n s .  
( 4 )  The 70XZrC-30%NbC cub ic  monocarbide was t h e  o n l y  e x t r a c t e d  phase 




Stress-free thermal aging of the PWC-11 material at 1350 or 1400 K prior 
to the application of stress i s  detrimental to its creep strength and should 
be avoided in potential space power systems. 
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Cv POOR QUAUTY TABLE I .  - CREEP DATA FOR THE PWC-11 MATERIAL 
TESTED IN A VACUUM OF 10-7 Pa 
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4 + 1000 hr/1400 K 
4 f 1000 hr/1400 K 
4 t 1000 hr/1350 K 
4 f 1000 hr/1350 K 




























Time t o  
1 pe rcen t  s t r a i n ,  
h r  
aThe A condit. lon i s  t h e  recommended anneal o f  
bTest i n  progress;  9300 hr w i t h  0.02 pe rcen t  t o t a l  
CTest I n  progress;  7000 hr w i t h  0.04 pe rcen t  t o t a l  
1 hr/1755 K + 2 hr/1475 K .  
s t r a i n .  
s t r a i n .  
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ROOT 
( A )  CROSS-SECTION OF SINGLE-PASS FULL PENETRATION WELD. 
( c )  W E L O  FUSION ZONE. ( B )  ANNEALED BASE METAL. 
' 
FIGURE 1. - TRANSVERSE ELECTRON BEAM WELDMENT IN PWC-11 MATERIAL IN THE 











( C )  
ANNEALED FOR 1 H AT 1755 K + 2 H AT 1475 K 
ANNEALED + EB WELDED 
ANNEALED + AGED FOR 1000 H AT 1350 K 
ANNEALED. WELDED, AND AGED 
--- ______- 
--- 
CREEP TIME. HR 
FIGURE 2. - CREEP CURVES FOR PWZ-11 MATFRIAL WITH AND WITH- 
OUT A TRANSVERSE EB WELD SHOWING THE EFFECT OF A 1ooo-HR 
AGING TREATMENT AT 1350 K ON THE T IME TO REACH 1 PERCENT 
CREEP STRAIN. SAMPLES WERE TESTED AT 1350 K WITH AN 




0 UNWELDED, ANNEALED 





0 UNWELDED, AGED 
W UELDED. AGED 
1 10 100 1000 
10 
RUPTURE TIME. HR 
FIGURE 3 - RUPTURE TIME VERSUS A P P L I E D  STRESS AT 
1350 K' FOR WELDED AND UNWELDED Pwc-11 MATERIAL 
WITH AND WITHOUT A 1ooo-HR AGING TREATMENT AT 
1350 K PRIOR TO TESTING. 
-512.9 KJ/MOI 
i,, = 2 . 9 6 ~ 1 0 - ~ 0 ~ . ~ '  e RT 
37 r 
FIGURE 4 .  - PHOTOMACROGRAPH OF A TYPICAL EB 
WELDED Pwc-11 ALLOY SPECIMEN AFTER CREEP- 
RUPTURE TESTING SHOWING THAT FAILURE 





!N 0. MPA 
FIGURE 5. - APPLIED STRESS VERSUS THE 
TEMPERATURE-COMPENSATED T I M E  TO 
1 PERCENT CREEP STRAIN RATE FOR 
PWC-11 MATERIAL I N  THE ANNEALED 
AND THE ANNEALED PLUS AGED CONDI- 
TIONS. 
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I6 Abstract 
l h e  h i g h  vacuum creep and c r e e p - r u p t u r e  behav io r  o f  a N b - l Z r - . l C  a l l o y  (PWC-11) 
was i n v e s t i g a t e d  a t  1350 and 1400 K w i t h  an a p p l i e d  s t r e s s  o f  40 MPa. The mate- 
r i a l  was t e s t e d  i n  the f o l l o w i n g  f o u r  c o n d i t i o n s :  annealed ( 1  h r  1755 K/2 h r  
1475 K ) ;  annealed p l u s  E8 welded; annealed p l u s  aged f o r  1000 h r  a t  1350 o r  
1400 K; and annealed, welded, and aged. I t  was found t h a t  t h e  m a t e r i a l  i n  t h e  
annealed s t a t e  was t h e  most c r e e p - r e s i s t a n t  c o n d i t i o n  t e s t e d ,  and t h a t  a g i n g  t h e  
a l l o y  f o r  1000 h r  w i t h o u t  an a p p l i e d  s t r e s s  g r e a t l y  reduced t h a t  s t r e n g t h ;  how- 
ever ,  i t  was s t i l l  app rox ima te l y  t h r e e  t imes as c r e e p - r e s i s t a n t  as Nb-1Lr .  Addi -  
t i o n a l l y ,  t h e  EB weld r e g i o n  was s t r o n g e r  than  t h e  base me ta l  i n  each c o n d i t i o n  
t e s t e d ,  and phase e x t r a c t i o n  o f  t h e  d i spe rsed  p r e c i p i t a t e  revea led  t h e  presence 
o f  a 709CZrC-309CNbC cub ic  monocarbide phase. 
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